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@ Application of Utrathletulvatene* In btoelectroehemlcal proeaaeee, 

(g) BloelectrochemlcaJ processes use tetrathlafutvalenea 
(TTF) as a mediator of electron transfar between biological 
aystema and eteotrodea. Typically tt finds use In bloelectro- 
chemfcal aasaya, e.g. Involving glucose oxidase mediated 
oxidation of gluoose. The TTF may ba Immobilised on the 
electrode aurfaca. as may one or more enzymes Involved in the 
proceaa. 
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APPLICATION OF TETRATHIAFULVALENES IN BtOELECTROCHEMICAL PROCESSES 



Held of the Invention 
The present invention relates to the use of tetrathiefutvaJene (TTF) 
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1$ and Its derivatives as mediator molecules In the transfer of electrons between redox systems and electrodes In 
bloelectrochemical processes. Such processes may be for example bloelectrochemlca) assay procedures, 
biological fuel cells and bloalectrosyrithesls of chemicals. 

Background to the invention 

20 The electrochemistry of uddoreductases has received considerable attention In relation to applications In 
enzyme etectrodesfl-*)- Many of the same consideration* apply to their use In immunoassay and other 
enzyme-labelled assays e& ONA and RNA probe assays. In particular, highly efficient coupling of enzymlc 
activity to the electrochemical detector is essential for sensitive and rapid assays. A number of approaches for 
tha realisation of electron transfer from biological systems to amperometrtc electrodes have been described, 

25 but arguably the most effective Is the use of low molecular weight mediators to shuttle electrons between tha 
catalyst and an electrode. Various mediators that have been reported for use in enzyme electrodes, such as 
ferrfcyanldeX&J, tetracyano-p<|uinodlmethaneWand ferrocene^) could also be useful in Immunossnsors. 
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Mediated enzyme-linked Immunoassay. In which a GOD label was monitored using a ferrocene derivative, 
was first reported in 198500). a more elegant possibility is the use of the mediator molecule as a tabeL Weber et 
alflO produced a conjugate of morphine and ferrocene carboxyttc acid. They showed that the electrochemical 
oxidation of tha ferrocene label was reduced when morphine antibody bound the conjugate and used thle 
principle In a displacement assay for cod In (see (a) b low). Since the key to practical oaddoreductase 
electrochemistry Is the availability of am dlator such as ferrocen , ft was apparent that this principle could be 
used to trigger an lectrochemlcaliy coupled enzyme-catalysed react) n (see (b) below). 
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Pt electrod 
♦500 mV 




The effective recycling of the ferrocene by GOD results In a further amplification of the signal over 
electrochemical noise due to electroactfve substances present In the sample. so 

Efectroehemleally coupled enzyme reactions may also be activated by providing missing cefaclors or 
coenzymest 1 ?). Qulnoprotein dehydrogenases could prove particularly valuable In this respect. 

An immunoassay for prostatic acid phosphatase (PAP), a pros tote tumor marker from human serum, which 
relies on enzyme amplification Is shown belowi*). 

35 

NADP 




The catalytic activity of the enzyme label (alkaline phosphatase) used in a sandwich assay Is monitored by 
the addition of the substrate NADP+ leading to the formation of th dephosphoryiated product NAD+, The 
NAD+ formed enters a redox cycle Inv Mng the enzymes alcohol dehydrogenase and dtsphorase I adlng to GO 
the reduction of a mediator (ferrlcyanfde). Electrons from the NAD+/NADH redox cycle passed via the 
dlaphorase t the Fem(CN)e/Feij(CN)e c up! . The reduc d species Feu(CN)e was reoxldlsed at a platinum 
el ctrode at 460 mV versus a saturated calomel electrode producing an amperom trie response. 

Similar principles may be applied to ther affinity reactions such as DNA and RNA probe assays. 
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comprising an organic solid with metoHfke electrical conductivity ('organic metal"). Thee substances are 
formed as charge-transfer complex© between an electron donor molecule and an electron acceptor 
m lecule. The principal investigations have been with 7.7.8.a.tetracyanoqulnodImethane (TCNQ) as electron 
accepted and N-methyl-phenasanlum (NMP) as electron donor, but the possibility of TTF+ TCNQ- complexes 
has also been consideredO*). However, the present Invention Is dealing with the use of TTF In a different 
context; uneomplexed, as a mediator of electron transfer. 

Summary of the Invention 

According to one aspect of the present Invention there Is provided a bioelectrochemlcal process Involving 
electron transfer between a redox system and an electrode, characterised In that said electron transfer is 
mediated by a tetrathtafufvalene, not being an 'organic metal' complex. The TTF Is preferably deposited on the 
electrode, but may be In solution. An oxldoreductase enzyme may be immobilised on the electrode The 
Invention also Includes essay procedures Incorporating such processes, and TTF-fnodffied electrodes for use 
In the processes. 

Brief description of the drawings 

"Further features of the Invention will be described with reference to the accompanying drawings, wherein; 
FigJ shows a diagrammatic cross-sectional side vfsw of an electrode; 

FIg.2 Is a graph showing current potential response of a TTF-modmed glucose oxidase electrode* 

FIg.3 is a graph showing a calibration curve of steady state current versus glucose concentration for a 
1 1 ^-modified glucose oxidase electrode; 

FIqA la a graph showing e pH profile of the TTF-modmed glucose oxidase electrode; 

FIg.5 Is a graph showing temperature response of the TTF-modmed gluoose oxidase electrode; 

^fl- 6 Jf * fl'spfc flh owfng the effect of nitrogen and oxygen saturation on the anodic current of a typical 
TTF-modffiod glucose oxidase electrode, at saturating glucose concentration; 

Flg.7 is a graph showing the decay of a typlcaJ TTF-modffied glucose oxidase electrode at eaturatlno 
glucose concentration; * 

FIg.8 shows a calibration curve of a membrane-entrapped glucose dehydrogenase TTF-modmed 
electrode; 

FIg.9 shows a linear sweep voltammogram of solublllsed TTF and glucose wfth (curve A) and without 
(curve B) glucose oxidase; and «-™» ui 

Rg.10 Is a graph showing a calibration curve of steady state current versus glucose concentration for a 
TTF-modffled electrode on which GOD has been Immobilised by an Improved procedure. 

Detailed description 

Construction of Electrode 

A) As shown In Fig. I an electrode 10 is constructed from a 6.0 mm diameter graphite foil disc 12 which Is 
cemented to 3.0 cm length of precut soda glass tube 18, 7.0 mm In diameter, using epoxy resin 
(Araldite - Trade Name). The resin Is allowed to harden for 20 minutes at I00 # C. A 6 cm length of Insulated 
)S S mlK 8raphtt6 f p " 12 3ilvor loaded e P° x y resln »* (Araldite) and left to set 

B) » mg of TTF (FLU KA) were added to I ml of acetone and allowed to dissolve. The electrode (0 was 
placed (nthb solution and left at 30'Cfor two hours. After this time the electrode was removed and left to 
air dry for 60 minutes at room temperature. 

^^^rwi 8 ^?^ ^ tn^rred tc i a solution of 20 mg/mf l-cydohexyf-3(2-fnorphoHnoethyl) 
carbodHmlde metho-p-toluene eulphonate (Sigma Chemical Company) In OS M citrate buffer pH 5.5 for 90 
minutes at room temperature. This Is a bffUnctlonal Ugand to aid Immobftlsatfon of the enzyme on the 
electrode through covalent bonding between carboxyl and amino groups. The electrode was rinsed 
thoroughly In dlstffted water before being placed In 25 mg/ml glucose oxidase solution (EC I.L3A Sturge 
Blochom^ls) In 20 mM carbonate buffer pH 9-5 at room temperature for 60 minutes. The electrode was 
rinsed In2D mM phosphate buffer pH 7 end was ready to use. 
The results given below are derived from everaging the output of Ave electrodes constructed and prepared 
as above. The output of the different electrodes can vary considerably and wffl depend to some extent on the 
surface area. However, careful construction can Increase the consistency between electrodes. 

Apparatus 

Jhe sensors wore operated using a BBC 32K microcomputer via a programmable biosensor Interface 
f^fi^hn u^l | C * &0land) W).Thls system utilised a Ag/Agd reference electrode. A three electrode 

SS^S^^S S^m^ *h te ITJ^ prom *L M current t**™ 1 ™ ««• determination. A 
pSSSm wire? e,octrode usod a reference and the auxiliary electrode was 0.46 mm diameter 

The sensors were Immersed in 15 ml of buffer (usually 20 mM phosphate buffer pH 7.0), contained In a 2D ml 
gtesswater-jackated cell thermostatted at 25 ± 0-6'C. Unless stated etherise. S^Tt 
200 mv v«r»uo Afl/Agct or fao mV versus saturat d calomel lectrode. 
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Buffers and Reagents 
The standard buffer waa 20 mM sodium phoaphat pH 7.0 containing OA M KCL 
The buffers used for the pM profiles contained 0J M KCI and were as follows: 
pH 4,0, 20 mM citric aeid-Na2 HPO4 
pH 4A t 20 mM citric acld-Na* HPO4 
pH 6.0, 20 mM citric acld-Na 2 HPO4 
pH 5.8, 20 mM sodium phosphate 
pH 6.3, 20 mM sodium phosphate 
pH 7 JO, 20 mM sodium phosphate 
pH 7,5. 20 mM sodium phosphate 
pH 8.0, 20 mM sodium phosphate 
pH 9A 20 mM sodium carbonate 

Buffers used In the three electrode system lacked 0J M KCI. Glucose was introduced Into the system by 
Injection of known volumns of 1.0 M D-glucose which had bean stored overnight to allow equilibration of a- and 
p-anoroere. All chemicals were of analytical grade. 

Calibration of the Enzyme Electrode 

The currant voltage response obtained for the TTF modified glucose oxidase (GOD) electrodes le shown in 
Fig.2. This waa obtained by subtracting the currents given by the electrode In the absence of glucose from 
currents given by the electrodes in the presence of glucose, at various operating potentials. The plateau 
region from 220 to 400 mV concurs with other unreported data obtained from direct current cyclic voltammetry 
of TTF. It was at potentials near the lower end of this region that the electrodes were operated, thus minimising 
the effect of small fluctuations In the reference potential, whilst also minimising the amount of 
enzyme-Independent oxidation of redox species present In samples. Control electrodes lacking TTF or GOD 
gave no current In response to glucose. 

The electrodes gave a linear steady-state current response In the range 0 to 25 mM (FIg.3). Above 25 mM 
the calibration curve became non-linear saturating at 70 mM glucose. This Was consistent with previous 
results using ferrocene^ and was considered to be a reflection of the Inherent enzyme kinetics of the 
Immobilised glucose oxidase under these conditions. The response of the electrode to glucose was rapid- the 
electrodes typically took 3 to 5 minutes to reach a steady-state current, 90% of this response being achieved 
60 to 90 seconds after the glucose addition. The standard deviation error bars shown In Fig 3 for 
measurements from five different electrodes Indicate the reproducibility afforded by thle simple fabrication 
technique. 

pH Profile of Enzyme Electrodes 

The effect of pH on the anodic current of the electrode was Investigated over the range, pH 4.0 to 9 4 (Fig 4) 
The data In Flg.4 Is expressed as a percentage of the current at pH IS to reduce the error between electrodes 
of different Initial activity. The electrodes demonstrated an optimum at pH 7.5. This result Is In agreement with 
data published for the use of glucose oxidase with other artificial electron acceptoraOsjei, compared to the pH 
optimum of 5.5 to 5.7 when oxygen la the electron acceptorcm. TTF replaces oxygen In the native reaction this 
greatly reducing the production of hydrogen peroxide. This results In an excess of protons In close proximity 
to the enzyme making the micro-environment of the enzyme become more acidic and producing an apparently 
more basic pH optimum for the enzyme. The extremes of the pH range gave rise to denaturation of the enzyme 
electrode. 

The Effect of Temperature on the Enzyme Electrode 

The effect of temperature on the electrode was Investigated between 4 to 50° C, Flg-5 shows the typical 
Increase of an electrode's steady-state current In response to Increasing temperature, at saturating glucose 
concentrations (80 mM). Within the linear portion of the graph there was an average Increase of 1.8 uA/ m C 
Above 35° C the plot ceased to be linear due to thermal denaturation of the enzyme electrode. When 
maintained at temperatures above 35° C the current fell rapidly, this effect being more severe at higher 
temperatures. " 

Th Effect of Oxygen on the Enzyme Electrode 

Fig. 6 Is a graph showing the effect of nitrogen and oxygen saturation on the anodic current of a typical 
TTF-modlfied glucose oxidase electrode, at saturating glucose concentration (Glucose - KM mM). 

Peak currents achieved from the electrodes when operating in oxygen-saturated buffer were iawfo ± 
5.9B<W) (n « 6) I wer than the peak currents brained In nitrogen saturated buffer. The e| ctrod s were poised 
at a I w potential (200 mV versus Ag/AgCI) and any H 2 O a produced would n t have been oxidised by the 
electrod . The oxygen Interference effect was the result of c mpetltfon between TTF and oxygen for electrons 
from the reduced enzyme, highlighting th need for a mediator t have a high affinity for electrons and test 
electron transfer kinetics. When the leetrodes were operated In air saturated buffer th reduction In current 
due to oxygen In the air was less than 50/b. Under normal operating conditions, therefore, oxygen Interference 
would be neollolbfe. 
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Stability of th Electrodes 

Fig.7 Isa graph showing the decay of atypical TTF-modlftad glucose oxidase electrode at saturating olueose 
concentration (Glucose — 100 rnM). WH 000 

u !^ n _L?f h e !f ctrodes were under saturating glucose concantretlons (80 mM) the peak currant had a 
half-lire of IS to 2 hours. The peak current eventually fell to a steady level after ca. 12 hours. This was not due to 
consumption of the glucose by glucose oxidase, since further additions of glucose did not ofve rise to hioher 
currents. When transferred to fresh buffer containing 80 mM glucose, however, up to 3SVo of the orfalnal 
activrty could be regained. Whan this process was repeated with the same electrodes similar results were 
obtained. These preconditioned electrodes responded to glucose additions after 20 hours of operation giving 
rf:T™ * f - fV«'^L Gf J h8 on *S tn ai curn 3 nt response. Enzymo electrodes were stored In 20 mM pho^hate 
buffer P H7.0 at 4°C for 5 weeks. After this time the electrodes produced normal responses to additions of 
gucose. The currents achieved from the electrodes were 26.9<tfc ± SJBfVa (n-6) of the currents given by fresh 



1 1 (--modified Glucose Dehydrogenase 

^^^^'k^ . OT . TTF dehydrogenase, qubioproteln glucose dehydrogenase (EC IJ.99J7) was 

studied. This NAD-lndependent glUeoss dehydrogenase Is of particular interest to biosensor work as oxyaen 
20 oxSaaf arolQlnltB nativB •Mefcn. thus It Is less susceptible to changes In oxygen tension than glucose 

Tho base flecbodea were constructed and set up as described previously. A standard dialysis membrane 
wasbonad In Wb EDTA for 15 minutes and than Thoroughly washed In purified water. The TTF modified 
electrodes were washed m 20 mM acetate buffer. pH &5, and concentrated glucose dehydrogenase Isolated 
from Aqnetobacter cateoaaticua (50 ul) was applied to the surface of the electrode and was retained behind a 
piece of prepared dialysis membrane by a rubber O-ring. Calibration of the electrode was performed as usual 
as shown In Fig. 8. jhe electrode gave a linear steady-state current response in the range 0-f0 mM. Above 

? . * calib / aflon CUTVe became non-linear saturating at ca. 50 mM. Thus. glucose/TTF win readily 
transfer electrons from glucose dehydrogenase. reaairy 

30 The Use of TTF with L-amlno-acld Oxidase as an L-amlno-acld sensor 

Preliminary experiments were also performed on an L-emlno add sensor using TTF as a mediator L-amlno 
acid sensors were constructed essentially as described by Dicks et at 081. with the exception that TTF was 
used as an Immobilised mediator in the place of ferrocene. On addition of 800 ul of I M L-glutamlo add a mean 

as Lnm^Jr °"° £ ^ current "A was observed. These results suggest that L-amlno add oxidase fe 
3a compatible with TTF as a mediator. 

Electron Transfer from Gl ucose Oxidase to a Graphite Electrode [ n Aqueous Solution 
TTF is extremely maoiuble in water. It Is this property which allows it to be readily entrapped at an electrode 

l^T* T e " UMd , l °. h f° n ? *° ,utlc,n - 11 ,8 ' howBVW ' desirable to use mediators m aqueous 

ffS , K f0r , eX r pto Vwestlgate the kinetics of electron transfer from enzymes to mediators or forusain 
electrochemical enzyme amplification and labelling systems. 

40 mg of TTF waa dissolved In | mi of Tween-20 (Trade Mark). This solution was made up to 100 ml with 20 mM 
sodUjm phosphate buffer. pH 7A A three electrode system as previously described was employedvlhfte 
„ "J*"" ° f » «"»P oenerator. A 5 mm diameter glassy carbon working electrode and a platinum 

Sc fTJ^Z^tyZlT™^™* 1 f*** 0 * 0 83 referenca - ^experiment was perform^ 
at 25_c. is m of 20 mM phosphate buffer. pH 7.5 was placed In to the reaction cell: to this was added 300 ul of 

£° ^ ? « d 300 £ * ' M 0,UCO88 - Unear 3WD9 < J ™**™*V (LS-V.) at a sweep rate of 4J5 mV/sec was 
then performed. Once this was complete 300 pi of 20 mg/ml glucose oxidase solution was added and the 

L.O.V. repeated, 

50 ..J* ^ be J^? n from . Ra - 9 slanfflcant electron transfar from the glucose oxidase to the electrode via TTF 
was achieved. The catalytic peak was observed at ca. 220 versus S.C.E. which corresponds with the oxidation 
peak of TTF determined by cyclic voltameny. 

Sensor with Improved Enzyme Immobilisation 

35 °^"?J° th8 ™fJ VS '"^""y or the carbodnmlde ImmoblDsed electrodes, the lifetime of the electrodes 
n I ^T P ^1^ a superior Immobilisation method. GUicoss oxidase Is a glycoenzyrne (containing t&A 
£ M? 1 affm tha opportunity to link enzyme molecules togemel^to^elecSde "Sa ite 
carbohydrate chains rather than through amln add resldueafle) ™ 116 

60 ex2tVSVefo C re° dS3 COnatfUCt8d 08 Ascribed previously end athree elactroda system was employed 

'?° m » f a'ucose oxidase (Sturga) (EC UA4) was dissolwjd wRh 10 mg eodlum-metfl-perfodale In 5 ml 200 
mM acetate buffer. pH&S I and stirred overnight In the darkat4«C.The enzyme was dasate^nTasiphadex 
Q-25 column (Pharmacia pr>IO prepacked column). The resultant p^riodate oxidised enzyme was mastered 

«c t US f d """" 2 ( v ^ eka - ™« g«Phfte base lectrodes wera lmme5«J In « noZZnZ 

es naicaddcyiamino in efttwioi o mo/mi> for is mhuto». Tho oioccrodea w»ra removed, shaken and allowed to air 
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dry. Th dry electrod a were then placed In a solution of TTF In acetone (10 mg/ml) and I ft f r I hour at room 
t mperature, removed, shaken and allowed to aJr dry. Following this procedure, the electrode* were placed 
Into th perlodate-oxfdlsed glucose oxidase solution and Incubated at room temperature for SO minutes After 
I^^r enzyme soluUon the electrodes were Immediately placed In a solution of adlplc dlhydrazlde fn 

100 mM sodium acetate buffer, pH 5.5 (2.6 mg/ml) and left for 30 minutes at room temperature. The electrodes s 
were then rinsed In distilled water and were ready for uae or storage In 20 mM phosphate buffer pH 7 5 at 4°C 
As shown fn Fig. 10, the electrodes gave a linear steady-state current response In the range CW5 mM glucose' 
Above 15 mM the calibration curve became non-linear as the glucose concentration approached electrode 
saturation. The current response of the electrodes wis high. The response of the electrode was rapid and 
comparable to that achieved with carbodllmlde treated electrodes, taking 2-4 minutes to reach steady-state 10 
curonUWQfr of this response being reached In 60-80 seconds. The hatf-lffe decay of this eieotrodes' response 
at saturating glucose concentrations (50 mM) was ca. 5.6 hours. This was en Improvement of some 3 hours 
over the carbodllmlde treated electrodes. This method can be farther improved by the use of oerlodata 
oxidised dextran to cross-link the enzyme with adlplc dlhydrazlde. 

Conclusions 75 

Enzyme electrodes based on TTF exhibited fast electron transfer, low oxygen Interference and a rapid 
response time with reproducible performance between electrodes. The effect of pH agrees with other 
published data regarding glucose oxidase and artificial electron acceptorsflWS). The pM optimum however 
was more marked than data presented on pH dependence of ferrocene mediated glucose oxidase 20 
eJectrodas(8). Preconditioned electrodes were reasonably stable and may be suitable for use In "one-shot* 
tests using disposable electrodes. Short term continuous use would also be possible. 

These results demonstrate that TTF Is a useful and versatile mediator of electron transfer between biological 
systems and electrodes. Biological systems may be enzymes, cell fragments. Intact cells, tissues or enzyme 
labelled affinity reactions. TTF derivatives, such as mono- or poly-carboxyllc acid derivatives or mono- or 25 
poly-amlno derivatives, may be preferable to TTF Itself In some circumstances; for example In providing, 
greater solubility where the TTF Is to be used In solution, or In providing side groups for linking the TTF 
molecule to the electrode surface, an enzyme, or both. Thus, TTF will be useful m a number of configurations 
which have previously been demonstrated with other mediators. These Include: 

(I) linking a TTF derivative such as monocarboxyllc acid to an enzyme thus randerlna It so 
electrochemlcallyacttveWO); * ■ » » «/ 

(II) the use of mediators for affinity assays (Immunoassay. RNA probes and DMA probes) either as a 
soluble mediator or a derivative which Is cleaved and then takes part In or activates an electrochemical 
reaction; 

(III) electrochemical applications such as biological fuel cells and bloelectrosynthesis of chemicals. 35 
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Claim* 



1. A bfoalectrochamlcal process involving electron transfer between a redox system and an electrode 
characterised In that said electron transfer Is mediated by a tetrathiaftilvalene. not being an electrical 
conductive charge-transfer complex with an electron acceptor molecule. 

2. A process according to claim I wherein the tetnitttafutvalene Is In solution. 

3. A process according to claim I wherein the tetrathlaftiH/aiene Is deposited on said electrode 

4. A process according to anyone of the preceding claims wherein said electrode has Immobilised on It 
an oxldoraductase enzyme that takes part in said process. 

r 5 u A p ? c f^^ CQrd,nfl to <Mm 4 wherein the enzyme Is a glycoprotein immobilised on the electrode 
via its carbohydrata groups. 

6, A process according to any one of the preceding claims wharein the process Involves the oxidation 

2&SZ S^SSiS^ fl,ue03 * or «****™ ~ *■ « « 

7. An assay procedure which comprises a process according to any one of tha preceding claims 
reacton* 8 ** prOCedUf * accordlrv 9 to 7 the process comprises an enzyme-IabeUed affinity 

9- An electrode for use in a bfoelectrochemrcaJ process of claim I. said electrode comprising a 
conductive surface onto which a tetrathtafutvalene is deposited. H y 

ia An electrode according to claim 9 wherein said conductive surface comprises graphite 
IL An electrode according to dsim 9 or claim K) wherein the conductive surface also has an 
oxfdoreduotase enzyme immobilised on It 

Jjz^j!?™*?* fiC f° 1 T? nfl to claim U wherein the enzyme is a glycoprotein and Is Immobilised on the 
conductive surface visits carbohydrate groups. 

13. An electrode according to claim II or claim 12 wherein said eroyme Is glucose oxidase 
W. A bloeiectrochemlcal cell Incorporating an electrode of any one of claims 9 to B- 
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